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Several neurodegenerative diseases are associated with a low Se status in humans, including Alzheimer's disease (21, 65 ), Parkinson's disease (56, 57, 59) , epilepsy (79, 104) , schizophrenia (45, 58, 102) , cognitive decline (39, 40, 65) , and mood disorders such as depression and anxiety (11, 37, 44, 46) .
The possible benefits of Se supplementation are currently the subject of intense investigation for treating neurological disorders (11, 37, 46, 81) and other disorders associated with a low Se status, such as cancer [Selenium and Vitamin E Cancer Prevention Trial (64) and Nutritional Prevention of Cancer Trial (33) ]. The majority of therapeutic Se supplementation trials in humans, however, occur in healthy subjects considered to be Se sufficient (11, 33, 37, 46, 64, 73, 81) . Unfortunately, very little is known about the response of the brain to Se supplementation under conditions of Se sufficiency.
To date, the importance of Se for brain function has primarily been established in severely Se-deficient rodent models with intravenous injection of labeled 75 Se (7, 15-17, 51, 61) or transgenic alterations (18, 20, 48, 50, 66, 75, 77, 105) . Only a few studies have documented a response in the brain to a dietary supply of Se in conditions of assumed Se sufficiency. One study observed an increase in Se levels within specific brain regions of rat (Rattus norvegicus) pups from Se-supplemented mothers (13) . Another study observed an increase in messenger RNA (mRNA) levels and an altered half-life of a gene necessary for selenoprotein synthesis (SepSecS) in the brain tissue of chickens (Gallus gallus domesticus) fed increased dietary Se (63) . There is also evidence from zebrafish (Danio rerio) that dietary Se supplementation results in population and sex-specific transcriptional responses of selenoproteins in the brain (10) . Due to the neuroprotective role of several selenoproteins (8, 67, 75, 105) there is need for studies aimed at understanding the regulatory response of selenoproteins and the genes necessary for their synthesis (collectively referred to here as the selenoproteome) in the brain to physiologically relevant dietary fluctuations of Se. In this study, we tested whether acute dietary Se supplementation in non-Sedeficient animals influenced the transcription of the selenoproteome in the brain.
METHODS
Experimental model. We used zebrafish as a model to assess the transcriptional response of the brain selenoproteome to dietary Se supplementation during Se sufficient conditions. We used a single laboratory zebrafish strain, the Transgenic Mosaic 1 (TM1), which has been shown to respond transcriptionally in the brain to an organic (selenomethionine) and behaviorally to an inorganic (sodium selenite) form of nutritionally relevant Se after 7 wk of supplementation (10) . Prior to the experiment, the fish were housed in a recirculating system (Aquaneering, San Diego, CA) maintained at 28.5°C, on a constant 14 h light-10 h dark photoperiod. Procedures involving animals were approved by the University of Idaho Institutional Animal Care and Use Committee.
At the start of the experiment, 144 zebrafish were selected from 12 families within the TM1 strain. The fish were randomly separated into 24 group tanks (n ϭ 6 per tank; width 10 cm, height 15 cm, depth 25 cm) within the same recirculating system in which they were reared. Due to a sex bias with the TM1 strain, there was approximately a 2:1 ratio of males to females (98 males and 46 females); however, we attempted to maintain a consistent sex ratio across tanks. The sex of each fish was initially determined by morphological characteristics (color, body shape, and size) and then confirmed by dissection during tissue collection. All fish were 1 yr old, sexually mature adults at the time of the experiment. The fish were allowed to acclimate to their new aquaria for 14 days; during this time they were switched from their normal diets and fed an experimental diet with control levels of Se (see section Experimental diets). At the end of the 14-day acclimation period, the fish were either maintained on the control experimental diet or fed a diet with the same nutritional base but supplemented with Se in the form of sodium selenite. The fish were sampled after 1, 7, and 14 days of being fed the experimental diets.
Experimental diets. Prior to the experiment, the fish were fed a combination of commercial flake food (Tetra, Melle, Germany) (1.1 ppm Se) and Artemia nauplii (INVE Aquaculture, Salt Lake City, UT) (0.61 ppm Se) three times daily. Once placed in their group tanks, the fish were switched to a soy protein concentrate-based pellet food containing control levels of Se (1.4 ppm Se) and maintained on this for a 14-day acclimation period. The fish were fed three times daily to apparent satiety. After acclimation, half of the tanks (12 tanks) were randomly assigned to the same base soy protein experimental diet, but with elevated levels of Se (5.6 ppm Se). The remaining 12 tanks were maintained on the same experimental control diet. The fish were fed the experimental diets (control and Se supplemented) for 1, 7, and 14 days to determine the time course of transcriptional changes of the brain selenoproteome to Se supplementation.
The experimental diets were produced at the University of Idaho Hagerman Fish Culture Experiment Station (Hagerman, ID) (10) . Fishmeal and other dietary ingredients provided the Se in the control diet; no additional Se was added (see Table 1 for composition of experimental diets). The diet with elevated levels of Se was supplemented directly with an inorganic form of Se (sodium selenite; Sigma-Aldrich, St. Louis, MO). The Food and Drug Administration limits the level of sodium selenite added to complete feed for livestock animals (chickens, swine, turkeys, sheep, cattle, and ducks) to 0.3 ppm [21CFR573.920; (35) ]. The Se requirement for fish based on optimum growth and maximal plasma glutathione peroxidase activity is estimated to be 0.15-0.38 mg Se/kg diet for rainbow trout and 0.25 mg Se/kg diet for channel catfish (49, 62) . The Se requirements for other finfish are not known, however, Coho salmon reared on diets containing 5-8 mg/kg Se had better seawater survival than those fed 1 mg/kg Se (36, 62) . In rainbow trout and catfish, Se toxicity (reduced growth, poor food efficiency, and high mortality) occurs when dietary Se exceeds 13 and 15 mg/kg dry feed (49, 62) . Our previous study using this sodium selenite supplemented diet suggests that 5.6 ppm Se is a nutritionally relevant supplement to control levels (1.4 ppm Se) for zebrafish and not toxic (10) . The University of Idaho Analytical Sciences Laboratory assayed total levels of Se in each diet.
Tissue collection. Fish were sampled at one of three time points: after 1, 7, or 14 days of being fed the experimental diets (ϳ12 h following their last feeding). At each time point, four control and four Se-supplemented tanks were sampled for end point analyses of whole body Se concentration or brain gene expression. All fish from the eight randomly selected tanks were sampled (6 fish per tank, n ϭ 48) at each time point.
The fish were individually anesthetized with 170 mg/l MS222 (Tricaine methanosulfonate pH ϳ7.0; Argent Laboratories, Redmond, WA) and were euthanized for tissue collection or Se concentration analysis. We selected a single fish from each tank for whole body Se concentration analysis and attempted to maintain a consistent sex ratio across diets and time points. These fish were euthanized in MS222, preserved in liquid nitrogen, and stored at Ϫ80°C for whole body Se concentration analyses (see section Selenium concentration). The remaining five fish from each tank were anesthetized in MS222 and euthanized by decapitation. The whole brain was then removed from each fish, immediately preserved in RNAlater (Ambion, Austin, TX), and stored at Ϫ20°C for RNA extraction (see section RNA extraction).
Se concentration. Whole body Se concentration was measured from 24 fish (12 fish per diet, 1 fish from each tank, and 8 fish per time point). Due to the male bias in the TM1 strain, five males (3 control and 2 Se supplemented) and three females (1 control and 2 Se supplemented) were measured for whole body Se concentration after 1 day of dietary manipulation, six males (3 control and 3 Se supplemented) and two females (1 control and 1 Se supplemented) were measured after 7 days of dietary manipulation, and five males (2 control and 3 Se supplemented) and three females (2 control and 1 Se supplemented) were measured after 14 days of dietary manipulation. The University of Idaho Analytical Sciences Laboratory measured total Se levels following a protocol based on Tracy and Möller (100) and Anderson (3) . The total Se concentration of each individual fish was determined on a wet weight basis by nitric acid digestion followed by inductively coupled plasma mass spectrometry (reporting limit ϭ 0.015 g/g). Standard quality control procedures were followed, including digestion blanks, initial and continuing calibration verification, standard reference materials, and sample duplicates. The effect of Se supplementation on whole body Se concentration was analyzed by a three-way ANOVA, using PROC MIXED within the statistical program SAS version 9.2 (SAS Institute, Cary, NC). The model consisted of a fully crossed factorial design of diet (control or Se supplemented), sex (male or female), and time (supplemented with Se for 1, 7, or 14 days). Model residuals were tested for normality, and no violations were detected. Effects were considered significant at a P value Յ 0.05.
RNA extraction. Brain tissues were removed from RNAlater (119 individual samples) and homogenized in TRIzol (Invitrogen, Carlsbad, CA) using a Retsch 300 series bead-based tissue homogenizer (Newtown, PA). Total RNA was extracted following the TRIzol manufacturer's protocol. RNA (1 g per sample) was treated to remove deoxyribonucleases (DNases) using DNase 1 (Fermentas, Glen Burnie, MD) methods. Acrylamide gels and visual spectrophotometry with a Nanodrop spectrophotometer confirmed RNA quality before and after DNase treatment. RNA integrity was assessed based upon the sharpness of the Nanodrop profile at the A260 absorbance peak. All samples had 260/280 nm absorbance ratios between 1.85 and 2.05 and 260/230 nm absorbance ratios Ͼ0. 85 .
Microarray design and hybridization. We first performed a microarray analysis comparing the whole brain transcriptome of control and Se-supplemented fish to determine if Se supplementation elicited a response of the brain selenoproteome. Because of a previous result from our lab indicating an effect of sex on the transcriptional response to Se supplementation (10), we included both sexes in our microarray design. However, to simplify the design and reduce the number of samples for cost, we only measured fish supplemented with Se for the longest duration (14 days). The experiment compared whole brain RNA from eight fish fed the control diet and eight fed the Sesupplemented diet after 14 days of Se supplementation, and with an equal sex ratio within each diet.
All microarray procedures were performed at the Genomics Core Facility of the Center for Reproductive Biology at Washington State University (Pullman, WA). The arrays were hybridized following the criteria and methods described in Drew et al. (31) .
Microarray Reannotation. The Affymetrix arrays used in this study were designed based on the Sanger Zv7 zebrafish genome build. To improve the analysis of our microarray experiment, we created a custom Affymetrix Chip Definition File that was based on the most current zebrafish genome build (Sanger Zv9), using a custom R script. Probe sequences from the Affymetrix microarray (249,752 probes) were aligned to Ensembl Zv9 transcripts (53, 67) using the Sequence Search and Alignment by Hashing Algorithm (SSAHA2; parameters -kmer 13, -skip 2, -seeds 2, -score 12, -cmatch 9, -ckmer 6) (72). Alignments were filtered based on the following conditions: Ն23 matching base pairs, no gapped alignments, common strand per transcript (ϩ/Ϫ), probes had only one matching gene, Ն3 probes per transcript, and only canonical transcripts.
Microarray normalization and filtering. The process for normalization and filtering of the array followed the methods described in Drew et al. (31) (R script for microarray analysis is available as supplemental material: Supplement_1).
1 CEL files containing raw data were processed and analyzed with R software (78) and Bioconductor packages (42) . CEL files have been deposited with the National Center for Biotechnology Information gene expression and hybridization array data repository (GEO, GSE44623, http://www.ncbi.nlm. nih.gov/geo/query/acc.cgi?accϭGSE44623). Microarray data were examined for physical anomalies on the chip by pseudochip and residual error visualizations. Quality Assurance of microarray data was completed with the affyQAReport function from the Bioconductor package affyQCReport. Hybridization and housekeeping controls, RNA degradation, sample clustering, NUSE plots, LPE plots, and RLE plots showed high-quality data, except for one sample (female control), which was removed from further analysis (not shown). The arrays were preprocessed by the robust multiarray average procedure using the affy package (12, 52, 53) . Next, unexpressed and low variability genes were removed by unbiased filtering. Probe-sets with less than a median log2 signal value of 5.00 were removed from further analysis. A filter on interquartile range was also applied to remove low variability genes. Genes with an interquartile range of Ͻ0.5 across all chips in the experiment were excluded, reducing the dataset to 2,919 genes. We performed an additional filtration step to reduce the genes down to annotated Ensembl genes. This reduced the dataset down to 626 genes for further analysis.
Microarray differential expression analysis. The Linear Models for Microarray Data (LIMMA) package was used to perform differential expression analysis on the filtered gene list (626 genes) using a linear model on log2 signal values with an empirical Bayes correction to the variance (93) . This approach is consistent with the analysis performed by Drew et al. (31) . The data were analyzed with a completely randomized design incorporating diet and sex, with body weight as a covariate. Comparisons of interest (main effects and interactions of sex and diet) were extracted through contrasts, and P values were corrected for multiple comparisons using the Benjamini and Hochberg (BH) method [false discovery rate (FDR) ϭ 0.05] (9).
Microarray gene set enrichment analysis. We also performed a gene set enrichment analysis (GSEA) on the microarray results to assess whether any Se-related gene ontologies responded to Se supplementation in the brain. The GSEA was performed on the unfiltered, normalized genes with an associated Ensembl identifier from the microarray [9,177 genes, GSEA version 2.07; Broad Institute of MIT and Harvard University (97)]. The GSEA evaluates the microarray data at the level of gene sets, such as protein domain or gene ontology. In this study, the gene set was specific to known zebrafish gene ontologies [downloaded from http://biomart.org and formatted using GOTERM in R (78)]. We performed a GSEA on treatment alone, comparing control fish to those fed the Se-supplemented diet. Sexes were analytically pooled to increase the statistical power of the analysis to detect effects of diet. We used the java application of GSEA with default parameters. The basic result of a GSEA is the enrichment score (ES), which represents the degree to which a gene set is overrepresented toward the top (or bottom) of a ranked list of genes. The ES was considered to be significant at an FDR of Ͻ 0.05.
qRT-PCR gene selection. Next, we measured the transcriptional response of individual selenoproteome genes in the brain to Se supplementation using quantitative real-time PCR (qRT-PCR). We performed qRT-PCR analyses to determine the acute and time-scale response of the zebrafish brain selenoproteome to supplementation with dietary Se. We selected representative genes from each major Se-dependent gene family based on having important functions in the brain: selenoprotein P (sepp1a and sepp1b in zebrafish) (77, 85) , glutathione peroxidases (gpx3 and gpx4a) (55, 80, 105) , thioredoxin reductases (txnrd1) (95) , and deiodinases (dio2) (38, 43) . We also chose a selection of genes involved in synthesizing selenoproteins. These genes were selected to develop a comprehensive picture of the transcriptional changes occurring at the level of selenoprotein synthesis over a short period of Se supplementation. We measured expression levels of transfer RNA (tRNA) selenocysteine (SEC)-associated protein 1 (secp43), SEC tRNA transcription activating factor (staf), SEC insertion sequence (SECIS) binding protein 2 (secisbp2), soluble liver antigen (sla), SEC eukaryotic elongation factor (eefsec), selenophosphate synthetases 1 and 2 (sps1 and sps2), and Se-binding protein 1 (sbp1). Due to possible regulation of sepp1 transcription by hormonal stimuli (88), we also measured brain expression of the zebrafish glucocorticoid receptors (gr␣ and gr␤). Finally, we measured metallothionein (mt) to determine if there was any indication of metal stress or toxicity effects of Se in the brain. We used 18S as the reference gene for quantifying relative expression.
qRT-PCR. For qRT-PCR analyses, we synthesized cDNA from DNase treated RNA using the High Capacity cDNA Reverse Transcription kit with RNase inhibitor (Applied Biosystems, Foster City, CA). Each cDNA sample was diluted 1:10 using nuclease-free water to reduce pipetting error between sample replicates and facilitate linearity of high-efficiency TaqMan-based qRT-PCR analyses. We measured expression of selenoproteome genes in the brain with qRT-PCR with TaqMan Gene Expression Assays (Applied Biosystems), on an ABI 7500 Fast Real-Time PCR System. TaqMan chemistry (also known as fluorogenic 5=-nuclease chemistry) uses fluorogenic-labeled probes that use the 5=-nuclease activity of Taq DNA polymerase to detect only specific amplification products (TaqMan Chemistry, Life Technologies). Probes and primers were designed with Primer Express 3.0 for qRT-PCR (Table 2; Applied Biosystems). Probes were labeled with 6-FAM for target genes and VIC for the reference gene. Primers were obtained from Invitrogen (Carlsbad, CA) and probes from Applied Biosystems. Assays on 119 total fish were performed in duplicate following the PCR reaction mix and conditions of Chapalamadugu et al. (25) . Due to the male bias in the TM1 strain, transcriptional measurements were assessed on 28 males (14 control and 14 Se supplemented) and 12 females (6 control and 6 Se supplemented) after 1 day of dietary manipulation, 24 males (12 control and 12 Se supplemented) and 15 females (8 control and 7 Se supplemented) after 7 days of dietary manipulation, and 30 males (14 control and 16 Se supplemented) and 10 females (6 control and 4 Se supplemented) after 14 days of dietary manipulation.
qRT-PCR analysis. To test for an effect of Se supplementation on the expression of selenoproteome genes in the brain from qRT-PCR analyses, we employed a mixed model ANCOVA in SAS to test for an effect of diet, sex, and time on mRNA levels [cycle thresholds (CTs)]. Gene expression analyses were performed with the relative quantification model presented by Pfaffl that is based on threshold fluorescence (76) . The expression level (CTs) of the reference gene, 18S, were used as a covariate for normalization in an approach similar to Yuan and colleagues (107) and previous zebrafish gene expression 
Forward primer (F), reverse primer (R), and Taqman probe (P) sequences were included for each gene. 
SEX-SPECIFIC TRANSCRIPTIONAL RESPONSES TO SELENIUM

RESULTS
Whole body Se concentration of zebrafish increased in response to Se supplementation. Supplementation with sodium selenite significantly increased whole body Se concentration of zebrafish linearly over a 14-day supplementation period. Zebrafish fed the Se-supplemented diet had a higher whole body Se concentration relative to fish fed the control diet after 7 and 14 days of supplementation (P ϭ 0.002, Fig. 1 ). There was also a sex difference in whole body Se concentration (P ϭ 0.018), with females (0.655 g/g) having a slightly higher Se concentration than males (0.578 g/g).
Response of the zebrafish brain transcriptome to 14 days of Se supplementation. All probes for corresponding selenoproteome genes were present on the microarray. However, after filtering out unexpressed and low variable genes, dio1 and dio2 were the only selenoproteome genes that remained for differential expression analyses. The microarray results indicated that dio2 was differentially expressed between sexes (P Ͻ 0.0001, see below in Transcriptional variation in the zebrafish brain among sexes) but did not respond to Se supplementation. The Dio1 gene did not vary between sexes, diets, or the interactions. Outside of the selenoproteome, a single gene was differentially expressed after BH correcting for multiple comparisons between fish fed a control diet and a Se-supplemented diet for 14 days (P ϭ 0.023). The gene, identified as si:ch73-44m9.2 in ZFIN (http://zfin.org), was downregulated in the brain of zebrafish fed the Se-supplemented diet compared with those fed the control diet. No sex-specific effects of Se supplementation were observed from the microarray. The GSEA run on the unfiltered, normalized microarray results (9,177 genes) did not identify any gene sets that were significantly enriched by Se supplementation after controlling for an FDR of Ͻ 0.05 or even a less stringent FDR cutoff of Ͻ 0.25.
Our hypothesis was specifically focused on the transcriptional response of the selenoproteome in the brain to Se supplementation. Since the microarray did not provide insight into the transcriptional response of the brain selenoproteome to Se supplementation, we will limit discussion of these results. However, as a reference for others we included lists of genes from the microarray that were identified as differentially expressed (P Ͻ 0.05) without correcting for multiple comparisons between diets (Supplement_2), sexes (Supplement_5), and their interactions (Supplement_3 and Supplement_4) in supplemental material.
Time course response of the zebrafish brain selenoproteome to Se supplementation. Below, we report the transcriptional responses observed from qRT-PCR of the brain selenoproteome in zebrafish to Se after 1, 7, and 14 days of supplementation. Although we were unable to estimate the transcriptional response of the brain selenoproteome with the microarray, our analysis with qRT-PCR allowed for a larger sample size, which increased our power to detect subtle expression changes in response to Se supplementation. In the results below, we report only significant responses to Se; however, a complete list of P values for each variable tested in the ANCOVA for gene expression is provided in Table 3 . For clarity, the transcriptional results are separated into related groups: selenoprotein genes, selenoprotein synthesis genes, and glucocorticoid receptors and metallothionein.
Selenoproteins. Expression of sepp1a in the zebrafish brain significantly increased in response to Se supplementation (P ϭ 0.015), this response was dependent on both sex and length of the supplementation period (P ϭ 0.055, Fig. 2 ). Females significantly increased in brain expression of sepp1a after 1 and 7 days of Se supplementation relative to controls and then decreased to control levels after 14 days of supplementation. Males significantly increased in brain sepp1a expression only after 14 days of Se supplementation compared with controls.
Expression of gpx3 also significantly increased in zebrafish fed the Se-supplemented diet relative to those fed the control diet (P Ͻ 0.001). This response was sex-specific (P ϭ 0.013); females increased brain gpx3 expression in response to Se supplementation, while males did not. The response of brain gpx3 expression to Se supplementation was also dependent on the duration of the supplementation period (P ϭ 0.004). Relative to controls, fish fed the Se-supplemented diet increased in brain expression of gpx3 after 1 day of supplementation, decreased to control levels after 7 days, and then increased again after 14 days of supplementation. To better visualize the sex-and time-dependent effects of diet on brain gpx3 expression, we plot the joint effects of diet, sex, and time on expression of gpx3 (Fig. 3) , even though the three-way interaction in the model was not significant (P ϭ 0.091). Expression of gpx4a significantly increased in the brain of zebrafish fed the Se-supplemented diet compared with those fed the control diet (P ϭ 0.048, Fig. 4 ). Expression of dio2 significantly increased in the brain of zebrafish fed the Se-supplemented diet relative to controls (P ϭ 0.037). This response was time dependent (P ϭ 0.036), with dio2 expression increasing in the brain after 1 day of Se supplementation and returning to control levels after 7 and 14 days of Se supplementation (Fig. 5 ).
Brain expression of sepp1b and txnrd1 in zebrafish did not respond to Se supplementation.
Selenoprotein synthesis genes. Expression of secp43 in the brain of zebrafish fed the Se-supplemented diet increased compared with those fed the control diet (P ϭ 0.006). The response to Se supplementation varied between sexes (P ϭ 0.013), with females increasing in secp43 expression in the brain and males having no response (Fig. 6A) . We observed the same response to Se supplementation in expression of staf in the brain, where expression increased in response to Se supplementation (P Ͻ 0.001), and the response to Se was specific to females (P ϭ 0.019, Fig. 6B ).
The transcriptional response of secisbp2 to Se supplementation was both sex and time dependent (P ϭ 0.038, Fig. 7A ). Male zebrafish significantly increased in secisbp2 expression in the brain after 1 day of Se supplementation relative to controls and then significantly decreased below control expression levels after 7 days of supplementation. After 14 days of Se supplementation, expression levels were no longer significantly different from controls. The response of sps1 expression in the brain to Se supplementation was also dependent on sex, as well as length of the supplementation period (P ϭ 0.021, Fig. 7B ). Females significantly increased in brain expression of sps1 after 7 days of Se supplementation but then decreased relative to controls after 14 days of supplementation. Males, however, showed no response to Se in expression of sps1 in the brain. Expression of sps2 in the brain of zebrafish showed a similar response to Se supplementation (P ϭ 0.023, Fig. 7C) , with females significantly decreasing in sps2 expression after 14 days of supplementation relative to controls, and males not responding at all.
Expression of eefsec in the brain increased in zebrafish fed the Se-supplemented diet relative to those fed the control diet (P ϭ 0.028, Fig. 8 ). There was no response to Se supplementation in expression of sla or sbp1.
Glucocorticoid receptors and metallothionein. Expression of gr␣ increased in the brain of zebrafish fed the Se-supplemented diet relative to controls (P ϭ 0.042), and this increase was specific to females (P ϭ 0.008, Fig. 9A ). Expression of gr␤ also increased in the brain of zebrafish fed the Sesupplemented diet relative to controls (P ϭ 0.004) and this increase was female specific (P ϭ 0.053, Fig. 9B ). Expression of mt increased in the brain of zebrafish fed the Se-supplemented diet relative to those fed the control diet (P ϭ 0.055, Fig. 10 ).
Transcriptional variation in the zebrafish brain among sexes. Although not a primary focus of this study, we also observed several expression differences among sexes in the brain. In the microarray data, eight genes were differentially expressed between sexes after controlling for multiple comparisons. Four of these genes were upregulated in males [dio2, adducin 1 (alpha), zgc:64085, and insulin-like growth factor 1], and four were upregulated in females (coagulation factor XIII A1 polypeptide, si:ch211-89f7.4, si:ch211-214p16.1, and family with sequence similarity 49 member Ba). The variability observed among sexes in expression of dio2 in the brain was validated with qRT-PCR (P Ͻ .0001), where males had significantly higher expression than females. We also observed variation among sexes in brain expression of gpx4a (P ϭ 0.019) with males having higher expression than females, sps1 (P ϭ 0.046) with females having higher expression than males, and eefsec (P ϭ 0.019) with males having higher expression than females.
DISCUSSION
We evaluated the transcriptional response of the brain selenoproteome in zebrafish to supplementation with nutritionally relevant levels of dietary Se during conditions of assumed Se sufficiency. We first used a microarray approach to analyze the response of the brain selenoproteome to dietary Se supplementation for 14 days and then used qRT-PCR to assess the immediacy and time-scale transcriptional response of the brain selenoproteome to 1, 7, and 14 days of Se supplementation.
The majority of selenoproteome genes on the microarray did not pass our filter for variation in expression level, limiting the utility of the array approach in this study. However, with qRT-PCR analyses, which allowed for a greater sample size, we were able to detect subtle expression changes in response to Se supplementation that were strongly dependent on sex and the duration of Se supplementation.
Response of the zebrafish brain transcriptome to 14 days of Se supplementation. To our knowledge, only two studies have investigated the transcriptomic response of the brain to dietary Se with microarray technologies (6, 54) . These studies, however, were not designed to ascertain the molecular influence of Se in the brain under normal physiological conditions of Se sufficiency. One study evaluated the transcriptional response of the cerebral cortex region of the brain in male C57BL6/J mice fed a Se-deficient diet or one of three supplemental forms of Se (without including a control for comparisons) (6) . The other was chiefly concerned with the protective role of Se in preventing neurotoxicity from methyl mercury exposure. However, as a control, the study measured the global transcriptional response of the brain in BALB/c mice pups gestationally exposed to dietary selenomethionine supplementation (54) . A substantial transcriptional response was observed in the cere- bral cortex of male mice from a Se-deficient to supplemented status (17% of the genes represented on the array were differentially expressed) (6) . The list of differentially expressed genes from this study contains only two selenoproteome genes, selenoprotein W and selenophosphate synthase 2 (sps2). Compared with the qRT-PCR results from our study, sps2 in the cerebral cortex of male mice was also downregulated in response to sodium selenite supplementation. A much smaller transcriptional response was observed in the brain between control mice pups and those from selenomethionine supplemented mothers (8 differentially expressed genes), and none of these genes were members of the selenoproteome (54). In our study, the almost complete lack of detectable response to dietary Se supplementation per a microarray approach may be the result of healthy Se-sufficient individuals experiencing only small expression changes in response to micronutrient intervention (34, 41) . The transcriptional changes produced by micronutrients at nutritionally relevant concentrations, although subtle, may have important biological effects (34, 41) . In response to nutritionally relevant levels of Se, the transcriptional changes in the brain are likely to be even more subtle because of the brain's heightened protection against fluctuations in physiological Se supply (7, 90) . Our analysis of the whole brain rather than specific regions or cell types within the brain may have also limited our ability to observe localized transcriptional responses in the brain to Se supplementation (84) . The heterogeneity of cells within brain regions may necessitate finer scale methods, such as microdissection and qRT-PCR, to detect expression changes in the brain (5, 28, 106) . Our results from qRT-PCR analysis of the brain selenoproteome indicate that small, but significant, transcriptional changes were elicited by Se supplementation, which required a larger sample size to reveal responses that were highly dependent on sex and the duration of Se supplementation.
Transcriptional response of the zebrafish brain selenoproteome to Se supplementation. We used qRT-PCR to assess the transcriptional response of the selenoproteome within the brain to Se supplementation. This method allowed for a larger sample size and increased the scope of our analysis to include both sexes and samples exposed to Se supplementation for 1, 7, and 14 days. The inclusion of these additional samples revealed that sex and the duration of Se supplementation were essential variables that influenced the transcriptional responses of the selenoproteome in the brain to dietary Se supply. Below, we discuss the transcriptional responses of individual selenoproteome components in the context of their suggested functions.
Selenoproteins include the glutathione peroxidase (GPx), thioredoxin reductase (Txn), and the deiodinase (Dio) protein families, as well as many individually classified selenoproteins, such as selenoprotein P (SePP), H (SelH), W (SelW), N (SelN), S (SelS), and the 15 kDa selenoprotein (Sep15) (60, 83) . Glutathione peroxidases and thioredoxin reductases represent the primary antioxidant defense and thiol-based redox activities of Se (14, 74) . Deiodinases maintain thyroid hormone homeostasis and also locally control thyroid hormone action (43) . We analyzed the transcriptional response in the brain of representative genes from each major selenoprotein family with suggested roles in brain function (gpx3, gpx4a, txnrd1, dio2).
GPx3 is an extracellular plasma GPx that is also expressed in several different tissues and thought to serve as a local source of extracellular antioxidant capacity (83) . Although GPx3 is not known for its importance in brain function, it was recently shown to play an active antioxidant role in the central nervous system (55) . We observed a female specific transcriptional increase of gpx3 in the brain after 1 day of Se supplementation and again after 14 days, with no response observed after 7 days. GPx4 was recently shown to have an essential neuroprotective role in Parkinson's disease (8) and in modulating interneuron function and expression of parvalbumin (105) . Neuronal GPx4 expression is also essential for preventing abnormal neurological phenotypes such as hyperexcitability and awkward gait (105) . In response to Se supplementation, we observed an overall increase in expression of gpx4a in the brain of zebrafish. The transcriptional increases of gpx3 and gpx4a may suggest that dietary Se supplementation increases the antioxidant capacity of the brain, possibility in a sexspecific manner. Txnrd1 is a cytoplasmic and nuclear oxidoreductase house-keeping protein that specifically reduces thioredoxin 1 and is essential for normal brain development (83, 95) . No transcriptional responses were observed in the brain for txnrd1 in response to acute Se supplementation. Dio2 is important for local 5,3-tri-iodothyronine (T 3 ) thyroid hormone (TH) production, particularly in the brain (38, 43) . We observed a transcriptional increase in dio2 in the brain to Se after only 1 day of supplementation and a return to control expression levels after 7 and 14 days of Se supplementation. Our results may suggest an immediate spike in brain TH in response to Se supplementation, with a return to control levels after continued supplementation. The transcriptional increases of gpx3, gpx4a, and dio2 may indicate a combined influence of Se supplementation on the antioxidant and thyroid hormone action of the brain that appears to be dependent on sex and the duration of Se supplementation. SePP is an especially important selenoprotein for brain function (75, 77) . SePP maintains brain Se homeostasis by functioning as the primary transport protein (17) and predicted storage element for Se in the brain (85, 91) . Additionally, SePP is known to bind heavy metals (98) . In response to dietary Se supplementation, sepp1a demonstrated an interesting sex-and time-dependent transcriptional response in the brain. Females significantly increased in sepp1a expression after 1 and 7 days of supplementation and returned to control levels after 14 days, whereas males increased in expression relative to controls only after 14 days of Se supplementation. Given that SePP is involved in Se transport and storage, we expected to observe an increase in sepp1a and sepp1b expression with Se supplementation. We observed this increase for sepp1a, but the temporal response differed between sexes. We did not observe a transcriptional response of sepp1b in the brain in response to Se supplementation. During zebrafish development, expression of sepp1b is primarily hepatic, whereas sepp1a is predominately expressed in heart, brain, and kidneys (99) . If these expression patterns are representative of adulthood, it is possible that the transcriptional response for sepp1a occurs in the brain and that sepp1b may respond in other tissues. The synthesis and expression of selenoproteins are regulated by the availability of Se (2, 19, 32) . Se is present in selenoproteins as the 21st amino acid selenocysteine (Sec), which is incorporated cotranslationally via the recoding of the UGA stop codon (74) . Sec is synthesized directly on a tRNA unique to the selenoprotein family (tRNA [Ser] Sec ), using serine as an intermediate (63, 74) . Two cis-acting factors, the Sec insertion sequence (SECIS) and Sec redefinition element (SRE), assist in the decoding of the UGA codon for Sec incorporation (74) , while many trans-acting factors coordinate the complex biosynthesis and incorporation of Sec. The trans-acting factors seryl tRNA synthetase (SerS) and phosphoseryl tRNA kinase (PSTK) generate the phosphoseryl-tRNA
[Ser]Sec substrate for Sec. The soluble liver antigen (SLA, now primarily known as Sec synthase or SepSecS) then completes Sec biosynthesis with the donation of monoselenophosphate from selenophosphate synthetase 2 (SPS2) (101) . SPS2 is interesting as it is a limiting factor for selenoprotein synthesis and is itself also a selenoprotein (74) . SLA also assists in the shuttling of tRNA [Ser] Sec to the mRNA for Sec incorporation through a coordinated effort with the tRNA
[Ser]Sec -associated protein 1 (SecP43), selenophosphate synthetase 1 (SPS1), and the Sec-specific elongation factor (eEFSec).
In response to dietary Se supplementation, expression of sps2 decreased in the female zebrafish brain after 14 days of Se supplementation relative to controls. Expression of sla in the brain, however, did not respond to Se supplementation. This result contrasts with observations in male chickens, in which sla (SepSecS) mRNA levels in the brain increased after 90 days of sodium selenite supplementation in a brain region and dose-dependent manner (63) . Compared with sps2, sps1 displayed a relatively similar transcriptional response in the brain to Se supplementation although their known functions are unique (74) . Brain expression of sps1 in females increased after 7 days of Se supplementation and then decreased after 14 days of supplementation relative to controls. Expression of secp43 increased in the brain of females in response to Se supplementation, and expression of eefsec increased overall in the brain with Se supplementation.
EEFSec forms an additional complex with the SECIS binding protein 2 (SECISBP2 or SBP2) to promote UGA recoding and Sec incorporation via association with the SECIS element and ribosome (74) . Expression of secisbp2 is essential for selenoprotein synthesis. We observed a male-specific transcriptional response in the brain for secisbp2, which varied with the duration of Se supplementation. The SECISBP2 gene initially increased in expression relative to controls after 1 day of Se supplementation, significantly dropped below control levels after 7 days of supplementation, and was not significantly different from controls after 14 days. Additional transacting factors, such as SecP43, the ribosomal protein L30, and the SECIS-interacting nucleolin (70) , assist in Sec incorporation (74) . SecP43 is also suggested to play a number of other roles in selenoprotein synthesis, including regulating levels of methylated tRNA
[Ser]Sec , assisting with the formation or stabilization of the eEFSec/SBP2/tRNA [Ser] Sec complex, assisting with the formation and subcellular localization of the SPS1/ SLA/SecP43 complex, decoding of multiple UGA-Sec codons in SePP, and the prevention of selenoprotein mRNA degradation by the nonsense-mediated decay pathway. The tRNA [Ser] Sec gene (trsp) transcription activating factor (STAF) also influences the efficiency of selenoprotein synthesis (22) . In response to Se supplementation, expression of staf in the brain increased in female zebrafish.
Our results indicate that under conditions of Se sufficiency, acute dietary Se supplementation elicits transcriptional responses in the brain of certain selenoproteins and the transacting factors necessary for their synthesis. This response is dynamic over a short period of Se supplementation in a geneand sex-specific manner. Previously in the TM1 zebrafish population, we did not observe a transcriptional response in the brain for sepp1a, gpx3, dio2, txnrd1, or secp43 after 7 wk of supplementation with sodium selenite for males or females (10) . However, we did observe an increase in secp43 expression in response to supplementation with selenomethionine for 7 wk. These discrepancies highlight the importance of the duration of Se supplementation and the effect of Se form on observing transcriptional responses in the brain to dietary Se.
A hierarchy exists in the responsiveness of selenoproteins to Se supply based on competition for available Se and for components of the selenoprotein synthetic machinery (47) . This hierarchy determines the pattern of selenoprotein expression and functional effects of Se. In the brain, this hierarchy also appears to be region dependent suggesting an intricate brain-specific regulation of Se homeostasis (61, 63) . Several factors are suggested to determine the hierarchical response of selenoproteins to Se supply, including the distance between UGA/Sec codon and the SECIS element, the binding efficiency of SBP2, and methylation of the tRNA [Ser] Sec (89) . This selenoprotein hierarchy may explain the duration-dependent transcriptional responses for some selenoproteins to dietary Se supplementation and the "lack of response" for others. In future experiments, we plan to narrow our focus from the whole brain to localized regions and also measure protein activity of the selenoproteome (rather than just transcript levels) in an attempt to attain a better biological understanding of the changes elicited by dietary Se supplementation in the brain.
Although not considered part of the selenoproteome, the transcriptional response of glucocorticoid receptors (gr␣ and gr␤) to Se supplementation was of interest due to the relatively recent finding that the glucocorticoid receptor inhibits the expression of the SePP gene (88) . We observed a female-specific increase in expression of gr␣ and gr␤ in the brain to Se supplementation. Comparisons to the transcriptional response of sepp are difficult, as we also observed a transcriptional increase of sepp1a in the brain though it was dependent on sex and duration of Se supplementation. We also measured the transcriptional response in the brain to dietary Se supplementation of a seleniumbinding protein (sbp1) in which the Se moiety is externally bound to the polypeptide (74). We did not observe a transcriptional response of sbp1 in the zebrafish brain to acute Se supplementation. The transcriptional response of mt was also analyzed to test whether Se elicited a metal stress response in the brain (4). We observed an overall increase in brain mt expression in response to Se supplementation, possibly suggesting induction of a metal stress response by increased dietary Se. However, these results may also suggest a protective effect of Se against other metals in the brain, such as mercury (1) .
Sex-dependent transcriptional responses of the zebrafish brain selenoproteome to Se supplementation. In a previous study, we observed a sex-specific transcriptional response for txnrd1 in the brain to 7 wk of supplementation with selenomethionine (10) . The direction of the response was opposite for males and females and observed in only two out of three measured zebrafish populations. Relative to controls, males significantly increased in txnrd1 expression in the brain of Gaighatta and Nadia zebrafish populations to increased dietary Se supply, whereas Gaighatta females significantly decreased in expression and no significant response was observed for Nadia females. This result demonstrates that the transcriptional response in the brain of males and females to dietary fluctuations in Se supply may not just vary in magnitude between the sexes but may also vary in direction.
Very few human Se supplementation trials aimed at either cancer prevention (103) or neurological protection (81) have directly compared the response of males and females. Most studies were either only performed in one sex or the effect of sex was not reported in the analysis (11, 37, 44, 46, 92, 103) . In a review of sex association in cancer prevention Se supplementation trials (103) , the studies in which inferences could be made suggested the anticarcinogenic effects of Se appeared greater in males than in females. Most studies indicated that a low Se status was associated with a higher risk of cancer in males. In females, either Se status was not associated with cancer risk or a higher Se status was linked to greater risk of cancer (103) .
In our study, we observed sex-specific transcriptional responses of many selenoproteome members in the brain to Se supplementation. A possible underlying mechanism for this sex-specific response to Se may be variation between sexes in Se status or the distribution of Se after uptake. There is considerable evidence demonstrating sex-specific tissue distribution of Se, expression patterns of selenoproteins, and even selenoprotein activity during Se deficiency (10, 15, 86, 89, 94) . We observed a slightly higher whole body Se concentration in female fish compared with males. It is possible that the different Se status of males and females influenced the sex-specific transcriptional responses of the selenoproteome in the brain to dietary Se supplementation. Though we observed an overall linear increase in whole body Se concentration for both male and female zebrafish over the 14-day Se supplementation period, it is also possible that the distribution of Se may differ between sexes within the brain or within particular brain regions. There is also strong evidence for hormonal regulation of Se status and metabolism. Estrogen status has recently been shown to affect tissue distribution and metabolism of Se by modulating SePP (109) . Thyroid hormones are also known to regulate selenoprotein expression and Se status (71) , and here we have shown that dio2, a gene necessary for T 3 TH produc-tion, was expressed significantly higher in the brain of males compared with females. The glucocorticoid receptor is known to regulate SePP (88), and our results suggest a female-specific influence of dietary Se (following the dietary conditions of this study) on expression of glucocorticoid receptors in the brain.
Sex-specific regulation of Se metabolism may also occur at the genomic level due to single nucleotide polymorphisms (SNPs). Two SNPs have been identified in the human SePP gene, one within the coding region of the gene (SNPAla234Thr) and the other in the 3=-untranslated region (UTR) near one of the SECIS elements (SNP r25191g/a) (68) . These SNPs interacted with sex and body mass index in humans to influence the physiological response to Se supplementation. There is also direct evidence that a SNP in the 3=-UTR near the SECIS of the GPx4 gene (GPX4c718t) has sex-dependent functional consequences for Se metabolism (69) , with the effect on GPx4 expression evident in females but not males. Importantly, a recent study in humans showed sex-and genotype-specific responses to selenomethionine supplementation in Se-sufficient subjects, in which selenomethionine supplementation increased urinary Se excretion more in females than males (27) . These discoveries suggest that the underlying mechanism for sex-specific Se regulation may in fact be at the genomic level and may influence both Se requirements and responses to Se supplementation. It should no longer be surprising that responses to Se are dependent on sex, and future studies should incorporate this variable if possible.
Summary
Here we have shown that in Se-sufficient zebrafish, dietary Se supplementation elicits transcriptional changes of the selenoproteome in the brain. These responses are dynamic over a short period of supplementation in a manner highly dependent on sex and the duration of Se supplementation. In nutritional intervention studies, it may be necessary to utilize methods, such as qRT-PCR, which allow for large enough sample sizes for detecting subtle transcriptional changes in the brain. Future studies are required to determine the biological significance of these transcriptional changes. We suggest that the possibility of similar transcriptional changes occurring in human Se supplementation trials should be considered, as well as the possibility for substantial differences between sexes.
